Abstract: An azobenzene molecule Disperse Red 1 with strongly delocalised frontier orbitals has been studied with a number of density-functional theory (DFT) related approaches. The purpose is two-fold: to interpret observed photoabsorption and to compare the performance of various DFT-based approximations. The planarity of the vacuum conformation of the lower energy trans conformation is found to be significantly distorted when transformed to the higher energy cis conformation, and both isomers are found to absorb in the experimentally observed wavelengths in solutions. A common feature in both is essentially forbidden lowest energy absorption because of a negligible overlap of HOMO and LUMO due to symmetry unmatch. We find the time-dependent DFT to be the best approach for quantitative evaluation of photoabsorption energies and intensities, whereas Kohn-Sham eigenenergies and orbitals give good description only qualitatively. Isomerisation and dimerisation energetics have also been evaluated, and trans dimers have found to be up to 1 eV per molecule more stable than single molecules.
INTRODUCTION
Azobenzene-containing materials are of immense interest for a variety of linear and nonlinear optical applications [1] [2] [3] . Their fascinating properties are largely based on reversible photoisomerisation of the azobenzene molecule: Upon irradiation with UV or visible light, the thermally stable trans configuration may undergo a transformation to the metastable cis configuration, which reverts back to the trans state either thermally or through electronic excitation. The optical and photophysical properties of azobenzene molecules depend strongly on the substituents [4, 5] . In optical applications perhaps the most widely used are the "pseudostilbene"-type molecules, where the azobenzene is substituted with electron-donor and electron-acceptor groups. Pseudostilbenes are characterised by short lifetime of the cis isomer, a property that is useful in optical information storage and hologrpahic recording [6] . Moreover, the asymmetric electron distribution gives rise to large groundstate dipole moment and hyperpolarizabilities, making them suitable for nonlinear optical applications [7] .
For practical device applications, the azobenzene moieties have to be incorporated in a solid matrix. The most attractive alternative is to use polymers because of their inexpensive preparation and easy fabrication into devices [8] . However, as it is often required to use high chromophore concentration to obtain high response to the optical fields, intermolecular interactions between the dyes have to be taken into account. Such interactions change the spectroscopic properties of the material and typically also suppress the overall response of the system [9, 10] . Such interactions are especially severe for high-dipole-moment chromophores, and to prevent them, and on the other hand, *Address correspondence to these author at the Department of Physics, P.O.B. 692, FI-33101 Tampere University of Technology, Finland; E-mails: Jussi.Ojanen@tut.fi or Tapio.Rantala@tut.fi to predict their effect on the response of the material system is of great importance, especially in case of nonlinear optical materials [11] .
An inexpensive and thus attractive method for materials design is computational modelling. Because of its sophisticated nature, however, the methods available in practice are approximative. Therefore, also in case of quantum mechanics, though long since being highly useful, they are still calling for further development. In practice it requires, among other things, comparison of different approximations to gain higher level understanding. It would be particularly desirable to have accurate ab initio methods, DFT as an example, because of their universality. However, calculation of the excitation energy, photoisomerisation, or intermolecular interactions of azobenzene chromophores within chemically satisfying accuracy is a challenging task. Aspects, such as restrictions on the feasible system size limiting the inclusion of the effects of the environment, statistical phenomena like the temperature, and the non-local nature of quantum mechanics especially is very demanding to account for but approximately. Fortunately, a lot of useful information can be deduced without including these phenomena exactly. Several aspects of azobenzene systems can and some have been studied by theoretical and computational modelling, e.g. [12, 13] . The semiempirical methods sometimes reach the desired quality, but with the cost of eventually compromising the generality.
In this work, we have studied the properties of 4-[N-ethyl-N-(2-hydroxyethyl)]amino-4'-nitro-azobenzene, known as Disperse Red 1 1 (DR1, see Figs. (1) and (2)), a common pseudostilbene-type molecule in a variety of optical applications. Despite various experimental studies [9, [14] [15] [16] [17] [18] containing DR1-like molecules, only few theoretical studies [19] have been published. We start by presenting a comprehensive DFT-study on trans -DR1, continue by investigation of the photoisomerisation in a more explorative fashion and finish with an extensive discussion on dimerisation of DR1. The calculated results are compared to experimental results. A central part of this work is also to compare different DFT-based approximations. 
Fig. (2).
The calculated minimum energy molecular structure of cis (left) and trans (middle and right) isomers of DR1: Optimised conformations with LDA functional (PWLDA as implemented in Turbomole). The red dotted line is the conformation obtained from the relaxed trans1 conformation by the appropriate rotation wrt a bond (N=N in trans to cis and C-N in 1 to 2 transformation) before relaxation. The figure demonstrates e.g. the non-planarity of cis isomer and opening mechanism of the angles C-N=N-C in trans to cis transformation (see Table 1 ). The su ces 1 and 2 in trans and cis refer to the location of the oxygen atom in the 'legs' (left and right respectively). See footnote 1.
II. ELECTRONIC STRUCTURE CALCULATIONS

A. Approximations to Density Functional Theory
Evaluation of physical properties here relies largely on standard Kohn-Sham Density Functional Theory. Though formally exact and existing, nevertheless in practice partly unknown, it has to be approximated. Several levels of approximation are used for comparison starting from the conventional local density approximation (LDA: PWLDA and SVWN), continuing with a semilocal generalised gradient expansion (GGA: PBE), including meta-GGA using kinetic energy density (TPSS [20, 21] ) and finishing with orbital dependent KLI [22, 23] and LHF [24] leading to multiplicative potential operator and hybrid B3LYP the potential including the non-multiplicative Fock operator.
Reliability and accuracy of excitation energetics is commonly enhanced by the time-dependent generalisation of DFT . Here, the linear response scheme within the adiabatic approximation [25] is applied, both in LDA and PBE-GGA.
B. Software
We have chosen to apply the software packages Turbomole, Version 5.7 [26, 27] (to be abbreviated 'T'), Spartan, Release 5.1.1a2 [28] ('S'), Gaussian 94(TM), Revision E.2 [29] ('G') and GPAW, Version 0.9.0 [30, 31] ('P').
T and G use Gaussian basis sets, whereas a numerical basis is used in S when DFT is applied.
The real-space approaches, implemented in P 2 among some others, offer at least two significant benefits compared to basis function methods: they allow arbitrary boundary conditions (BC), for example flexibly combining Dirichlet and periodic (or other) BCs, and "the potential of massive parallelisation" [30] . On the other hand, finite difference discretisation used in GPAW has the weakness of not being variational: it is an approximation to the operator, not the operand like the basis function methods.
T and S are all-electron codes. P exploits finite difference stencils and the frozen core approximation with 1s-electrons in the core of elements C, N and O.
All TDDFT results are obtained by Turbomole.
III. RESULTS
A. Molecular Conformation and Electronic Structure
According to several ab initio calculations presented here, both, trans (Fig. (3) ) and cis isomers of DR1 are roughly planar, as already reported by Kurita et al. [19] in case of the parent azobenzene molecule, the latter, nevertheless, significantly less, as can be deduced from distortion of the phenyl hexagons in Fig. (2) . Conventional semiempirical methods also attempted here (AM1 and PM3) do not, instead, reproduce the controversial planar conformation, at least not without further empirical information, such as restrictions related to planarity, for example, yielding di culties in case of cis isomer. The agreement of the conformation with experimetal data is satisfactory ( Table 1 ) with virtually exact agreement with trans and less than 2 % error 3 with cis isomer. The experimentally observed opening of the C-N=N-C angle in trans to cis transformation is reproduced (Fig. (2) , red dashed reference), underestimated by less than 10 % by LDA, and the opening in the nitro end is expected to dominate by a factor of 1.3 (in Table 1 ). The typical picture of azobenzenes (Fig. (1) or [32, Figure 1] ) is misleading in 2 The name GPAW is an abbreviation for Grid-Projector-Augmented-Wave. PAW [31] is a procedure, an engineering trick, one might say, where the orbitals are linearly transfomed into smoother functions allowing sparcer grid, and thus, e cient evaluation of larger systems. Performance is further improved by some multigrid techniques. 3 Note the method and basis for the data in (Table I) are PWLDA/SVP. Estimating the basis set error by comparing 11.83 here and 11.78 in (Table  II) yields errors less than 2 % wrt exp. case of DR1 since it strongly exaggerates the opening of C-N=N-C angle, as can be seen from Table 1 (note dC(C,C)>d(C,C) for para carbons in cis isomers). We also note that the cis2 isomer is more folded than its 1 counter part, where the oxygen atom of the amino ligands is located futher (in the leg 'away') from the nitro group, than in cis2 (see Fig. ( 2)).
Turbomole (T) does not support any geometry optimisation for KLI and LHF. 4 The optimal geometry, within the optimal conformations from the other approximations, corresponds to LDA for KLI and TPSS for LHF ( Table 2) .
DR1 has a large permanent dipole moment of 8.7 D 5 (in dimethyl sulfoxide) and it is well known for its large hyperpolarizability [34] . The dipole moment is overestimated by all the methods presented ( Table 2) , as expected [14] , although the magnitude of screening by the polarisation of the solvent is hard to estimate here. The result, however, confirms previous semiempirical estimations [35] .
The ground state frontier KS molecular orbitals exhibit strong delocalisation (Fig. (4) ) suggesting highly non-linear optical response properties. The HOMO-LUMO and 4 This is because the geometry optimisation becomes ambiguous in case of approximations directly to the KS-potential, such as KLI and LHF, for which no total energy functional (and thus Hellman-Feynman forces) exists. Some functional integration techniques could be considered [33] . 5 A dipole moment strength 8.7 D 1.8 eÅ corresponds to moving approximately 0.2 electrons from one end of trans-DR1 to the other.
HOMO-(LUMO+1) transitions, however, have low intensity [36] although the orbitals are nearly orthogonal and have spatial overlap. This must be due to mirror symmetry breaking by the amino group and the slight non-planarity of the phenyl rings. Fig. (4) . Frontier PBE-KS molecular orbitals of trans isomer.
As pointed out above, it would be practical to have available such a one-particle (or non-interacting quasiparticle [37] ) picture describing an interacting system, that the eigenenergies produced the excitation spectrum, at least for the lowest excitation. The true KS orbital energies do not yield such. Though KS orbital energy differences of a single SCF run clearly underestimate the transition energies, see Table 2 , they nevertheless are often used as a zeroth order approximation. Within HF formalism the difference of total Fig. (3) . Optimised PWLDA (see Table 2 ) conformation of trans1-DR1 (left) by GPAW code (green:H, black:C, red:N, blue:O), see ( Table  2) for dashed lines, and ground state electron density isosurfaces (right) (0.09%, 0.46% and 1.08% of maximum). energies of two SCF runs should be used, instead, as a better approximation for 6 the optical gap, whereas this is not the case within DFT. 7 Comparison of the eigenenergy differences shows that HF (as expected) but also the popular B3LYP fail here with the transition energetics ( Table 2) . Since DR1 is a rather delocalised system, the latter failure could be associated with the incorrect asymptotic behaviour of B3LYP in the homogenous limit [39, III.C.2]. a the distance between the nitrogens in the nitro and amino groups (see dashed red line in Fig. (3) ). b the distance between the furthest phenyl carbons, differs from d(C,C) (for para carbon atoms) only for cis isomer. c the distance between the para carbon atoms (bonded to ligand nitrogens). d the distance N=N. e C towards nitro end from N=N.
f C towards aminno end from N=N. g Compare to Table 2 for basis set error estimation. h The experimental value refers to the 'parent' azobenzene C6H5N=NC6H5only, without the (amino and nitro) ligand groups.
B. Photoabsorption of trans Isomer
So far, the long lasting goal of DFT beyond ground state properties has been simply to come up with a satisfactory description of energetics. One of the main measures of success of an attempt (an introduced approximative XCfunctional, for example 8 ) has been the ability to deal with the band gap problem, or the prediction of the correct HOMO-LUMO gap in case of molecules, usually underestimated. As expected, and is seen from Table 2 some evolution exists, as the HOMO-LUMO difference increases with more advanced approximations for XC-energy. This yields better agreement with the first (forbidden) excitation energy obtained from LRT-TDDFT (see Fig. (5) ). This is the case, though not necessarily excpected, also for the estimation of the first observable excitation when KLI is compared to LDA and GGA functionals (Fig. (5) ) as the significant orbital energy differences, (HOMO-1)-LUMO and (HOMO-1) -(LUMO+1), increase ( Table 2 ).
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Fig. (5).
Comparison of KS-eigenenergy differences and TDDFT transition energies. TDDFT transition energies for singlet states (top,below) and resulting photoabsorption spectra (top, continuous curve) of trans1 compared to KS-eigenvalue differences (top, above). TOP, BELOW: Excitation enegies on two stationary XCfunctionals and TOP, CONTINUOUS: their Gaussian smearing with relative intensities, the first peak width matched with experiment (modelling unhomogenous broadening see Fig. (6) ). TOP, ABOVE: Previous spectra wrt T-PWLDA(blue), PBE(red) and KLI(black) KS-differences-transitions from HOMO(solid), H-1 (dashed), H-2(dashdot) and H-3(dotted) KS-states. 0.8 eV 1550 nm, 3.54 eV 350 nm, 700 nm 1.77 eV, BOTTOM: Above photoabsorption spectra as a function of wave length.
TDDFT-LRT is clearly the most accurate method tested here. Not only TDDFT resolves the ambiguity 10 of interpreting the transitions from HOMO-1 for the singlet states (Fig. (5) ), but it does it with quite a low computational extra cost on top of a DFT run. In addition, keeping in mind the finite temperature and effects of the environment present in experimental results (the order of magnitude seen in Fig.  (6) ) but not in simulations, the less than 10 % accuracy is quite satisfactory ( Table 2) . 9 The derivative discontinuity [39] , here nonzero only with KLI and LHF, is not included. 10 Neither transition, (HOMO-1)-LUMO around 1.7-1.9 eV nor (HOMO-1)-(LUMO+1) between 2.5-2.9 eV, depending on the XC-approximation, quite agrees with the prediction by TDDFT-LRT. Also, if compared to the experimental 2.5 eV, (HOMO-1)-LUMO remains problematic, except for EXX-approximations. Measuring the absorption spectrum of the cis isomer is not straightforward because of its thermal unstability. However, the experimental [42] and our estimation agree. It seems tempting to address the experimental data into the joint absorption by trans and cis isomers (Fig. (6) ) and refer to low resolution of the experiment to achieve excellent agreement. It would require the amout of cis and isomers to be at least the same order of magnitude as for trans, unlikely in the light of experimental conditions [9, 17, 41] . The resolution of the measurements is low due to unhomogenous broadening caused by intermolecular interactions.
Since there is one single monomer with Dirichlet boundary conditions in the simulation, there can be no aggregation effects whatsoever. Therefore, the second excitation of trans conformation in Fig. (6) below 400 nm must not be confused with the experimental absorption in the aggregated system. LDA/ALDA-and GGA/AGGA-approximations yield essentially the same spectrum at low excitations (Fig. (5) ). Although further elimination-e.g. adding results of LDA/AGGA and GGA/ALDA-would be needed, this reflects the general observation that the approximative XCkernel plays a minor role [25] whereas the accuracy of the unperturbed stationary KS-state is quite essential. The accuracy of XC-approximations is not high enough to distinguish the location of the amino-oxygen ('left or right footed'), but clearly recognises the isomer (Fig. (6) ).
The real-space grid approach GPAW is able to compete with basis set methods both, in accuracy ( Table 2 ) and in performance. Fig. (3) ), respectively, describing how well the two phenyl rings align in a plane. b see Table 1 . c nuclear conformation from PWLDA-QZVPP. d nuclear conformation from TPSS-QZVPP. e The conformation corresponding to the KLI and LHF minimum energies, respectively, within optimal PWLDA, PBE and TPSS conformations is chosen. This is because the geometry optimisation is ambiguous in case of KS-potential approximations for which no energy functional exists [33] . 
C. Photoisomerisation
In case of DR1, the conformation change resulting from an electronic excitation is significant. The excitation energy leading to the reverse cis-trans photoisomerisation process is some 2.7 eV or around 460 nm, although weak transitions take place already starting from 600 nm (Fig. (6) ), including small contribution also from the HOMO, whereas the barrier for the spontaneous thermal back reaction seems to be of the order of a half of an eV ( 0.3-0.4 eV) (Fig. (7) ), and thus would not be easily thermally activated, though sources of error may here be significant 11 . A more probable explanation 11 We only present a rough estimate for the thermal energy barrier since three sources of error occur. The lack of ligand relaxation (1) overestimates the thermal barrier whereas the fact that only one conformation in the phase space, on a path (2) and at a point on that path (3) chosen by symmetry, is checked may both, increase and decrease the estimation. The chosen path may not be the one on which the lowest pass is found leading to overestimation. The point may not be the highest on that path resulting in underestimation. The path is defined by the bond to be rotated, point by the rotation angle. We believe the points (2) and (3), though easily larger in magnitude than (1), are here not the essential ones, as explained later in the text.
for the calculated thermal barrier for the conformation change is that, referring to experiments according to which the thermal barrier is negligible already at room temperature [4, 43] , the non-planarity of phenyl rings is significant in the energetics aready at half way in the path of rotating the N=N bond. The apparent non-planarity of the cis conformation (Fig. (2) ) is reflected by the above mentioned less strict selection rule concerning transitions from HOMO. Also, dispersive forces due to long range electronic correlations in the cis conformation are expected to be more significant though nevertheless negligible both, because of more folded structure than in case of trans isomer, and the reduced ground state dipole moment.
Absorption in a cis form shifts the dominant peak to UV range (Fig. (6) ). The location of the oxygen atom in the amino group has no significant effect on low cis-absorption, and neither in the trans-cis process.
D. Dimerisation
A variety of orientations of two interacting trans-DR1 molecules were scanned with PWLDA approach. The 5) for explanation) on LDA-and GGA-KS orbitals of trans1 molecule and on LDA-KS orbitals of cis1 and cis2 molecules compared to experimental data (at the bottom). In the former, the lifetimes of excitations are approximated equal. Thus the relative heights have little or restricted significance. In the experimental part, the solid and dashed lines correspond to the absorption spectra of 'isolated' and aggregated DR1 molecules, respectively. The former is measured in a dilute tetrahydrofuran solution, while the aggregated spectrum is obtained from a highly concentrated (40 wt %) thin film of DR1 doped in polystyrene. ground state total energies (Fig. (8) ) show that dimerisation, as a first step towards aggregation processes, but also in trans-cis photoisomerisation process can be relevant. Several dimers, e.g. "11ME" (Fig. (9) ), are energetically more stable (of the order of an eV per molecule) than a single molecule. This provides a guideline in assessing the relevance of aggregation in solvents. The dimerisation is obviously enhanced by the strong dipole moment of the trans molecule (the "ME" cases). Because of the dipole dominance, no DFT-related trouble with van der Waals effects is expected, although long range electron correlation already at intramolecular level may be relevant in systems of this size. Table 2 , the method and basis for the data here are PWLDA/SVP.) The first letter J, P, M or S stands for 'foot', 'head', 'stomach' or 'back' contact of the monomers. See footnote 1. The second letter S or E refers to parallelity or antiparallelity of the molecular figure, respectively, from which (with Fig. (9) ) the dipole effect is obvious. The conformations MS and SS are commonly referred to as J-aggregates whereas the rest are called H-aggregates. The only dimers here with monomer dipoles in the same direction called MS and SS, more commonly referred to as "parallel J-aggregates", shift the absorption peaks towards blue whereas "H-aggregates" appear to cause redshift (Fig.  (10) ), in agreement with experimental data [44] . 12 The somewhat suprisingly low total energy of J-dimer 12SS (Fig. (8) ) is explained by diminished dipole moment compared to 11MS and 22MS. The same classical argument does not, however, apply to 11ME, 22ME and 12SE, where the classical dipole-dipole energy is negative, on the contrary to previous, whence decreasing the dipole should increase the energy.
The dimerisation can affect the photoisomerisation barrier by lowering the ground state energy and shifting the photoabsorption peaks. For example, in case of 11ME-dimer, the first observable transition (Fig. (10) ) is not high enough to overcome the ground state of the cis isomer (Fig. (7) ) and thus dimerisation even prevents photoisomerisation via this transition.
IV. CONCLUSION
According to the total energy electronic structure calculations Disperse Red 1 takes closely planar 12 In homomolecular dimers it is irrelevant whether the terms H and J refer to stationary or transition dipole moments (diagonals and off-diagonals respectively). The key question is, are the dipoles in-line, or parallel as here. conformation in both of its isomers, trans and cis with possibly significant breakup of symmetry in case of cis though. Consequently, the frontier orbitals become conjugated and delocalised in the whole molecule. This is consistent with the experimentally observed highly nonlinear optical properties, which however, is not the subject of the present study. Here, we have concentrated on the lowest photoabsorption transitions, and in particular, comparison of the performance of DFT related approaches in light of the interpretation of experimental spectra.
First, we find that the dipole transition matrix element of HOMO and LUMO orbitals is small due to their symmetries. Nevertheless, the lowest observable energy excitation is essentially from HOMO-1 to LUMO. In fact, only a few of the one-electron orbitals contribute to the photoabsorption, and furthermore, the cis isomer presents weaker absorption of the two in the visible range. As expected, the Kohn-Sham eigenvalue differences from LDA and GGA underestimate the HOMO-LUMO gap, and thus, the lowest forbidden photoabsorption. Interpreting higher transitions leads to ambiguities resolved by TDDFT. The TDDFT excitations energies match best with the experimentally observed absorption bands. The conventional GGA does slightly better work than LDA and inclusion of non-local exchange improves transition energies even further. However, as expected in a delocalised system, use of B3LYP functional leads to clear overestimation in this case, probably indicating too strong contribution from Hartree-Fock exchange. Fig. (9) . A local minimum energy conformation of a trans1-trans1 dimer (11ME in Fig. (8) ). Cyan lines ease comparing the side (left) and top (right) views. Red lines are the initial guess. (by PWLDA in Turbomole).
The cis isomer of DR 1 has about 1.4 eV higher total energy than its trans counterpart. Due to the large dipole moment of trans isomer dimerisation can be expected, in a nonpolar solvent in particular. In vacuum we find the dimerisation energy per molecule to be upto 0.9 eV.
